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The number, phenotype, localisation and development of intraepithelial lymphocytes (IEL)
from duodenum (Du) and ileum (I1) were studied by immunohistochemistry (IHC) and light
and electron microscopy in unweaned (0-7 weeks old) and six months-old pigs. Developmen-
tal changes at birth showed that 38% of the total lymphocytes in the villi were IEL, mainly of
the CD2+CD4-CD8- double negative (DN) phenotype. That proportion rose to over 50% at
week 5 after birth, resembling adult proportion, although still with fewer cells than in adult
pigs. CD4+ cells appeared relatively early in life although they were confined to the lamina
propria (LP) and CD8+ cells were found only in low numbers. In the villi of adult animals,
almost’half of the total number of lymphocytes were IEL (49% Du, 52% I1). Over half of
these IEL (52% Du, 53% I1) showed the CD2+CD4-CD8+ phenotype and were localized at
the epithelium’s basement membrane. Numerous (43% Du, 42% I1) DN IEL were found
grouped at the enterocyte nucleus level and relatively few (5% in Du and I1) granular IEL
were found apically in the epithelium. These proportions were homogeneously maintained
along the villi’s tip, middle and bottom, suggesting that the IEL may have their origin in the
LP. Therefore, the IEL compartment in the porcine intestine develops slowly with age and is
actually composed by a heterogeneous population of cells (null, DN and CD8+). These
results may explain the increased susceptibility of young animals to disease during the lacta-
tion period and should be taken into account when functional studies are carried out with IEL.
The quantitative results of this paper established a model for studies on the effect of age, diet,
normal flora, infection and oral immunization on the IEL of the gut.
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INTRODUCTION
Oral immunization has aroused great interest and
expectation since this route may represent an alterna-
tive for disease control and also to prevent and control
autoimmune diseases by inducing tolerance to autolo-
gous antigens (Brandtzaeg, 1995). The mucosal
immune system has some similarities but also many
differences with the systemic immune system
(Stokes, 1988; Kiyono, et al., 1992). On the one hand,
both systems contain cells which follow similar
developmental pattems and effector functions
(McGhee and Kiyono, 1993). On the other, differ-
ences in cell distribution and immune regulation have
also been described (Kiyono, et al., 1992). Unlike the
systemic immunological tissues, the mucosal immune
system in the gut must continuously deal with an
enormous array of foreign material and must be able
to accurately discriminate between harmless food
antigens and commensal microorganisms and hazard-
ous material, inducing anergy and/or tolerance to the
former and a strong local and systemic immune
response against the latter (Bienenstock, et al., 1987;
Moqbel and MacDonald, 1990; Stokes, et al., 1994).
Moreover, the local immune system must maintains
an appropriate balance between the organism and bac-
teria from the normal flora of the gut by mechanisms
such as IgA-mediated immune exclusion (Stokes et
al. 1975; Walker, 1987; Husby, 1988; Brandtzaeg,
1995). These two functions of the local immune sys-
tem are likely to be carried out through regulatory
mechanisms different to those found in the systemic
immune system and, perhaps, through subtle but sub-
stantial differences in the type and function of the
cells found at the mucosal sites.
The gut contains the largest number of immune
cells in the organism, approximately 60% of all lym-
phocytes (Parrot, 1987; Hamad and Klein, 1994;
Takahashi and Kiyono, 1999). Many T cells are
located in the lamina propria (LPL) and within the
epithelium (intraepithelial lymphocytes, IEL)
(Moqbel and MacDonald, 1990). Because of their
vicinity to the intestinal lumen and their access to
food antigens, IEL are strategically located to induce,
regulate and perform immune responses (Pabst, 1987;
Cerf-Bensussan and Guy-Grand, 1991; McGhee, et
al., 1992). Previous studies in the pig have demon-
strated that, unlike rodents and humans, the lymphoid
components of the intestinal villi are poorly devel-
oped at birth (Vega-Lopez, et al., 1993; Pabst and
Rothkotter, 1999). The postnatal development of this
compartment appears to be driven by exposure to
microbial antigens, since it does not occur in
germ-free pigs (Pabst and Rothkotter, 1999) and is
accelerated by weaning in conventional pigs
(Vega-Lopez, et al., 1995). The pig therefore provides
an appropriate system to study the development of
IEL compartments in response to antigen. Despite
this, and despite extensive studies in other species
(Guy-Grand, et al, 1978; Tagliabue et al, 1981; Flex-
man, 1983, Brandtzaeg, et al, 1989; Ebert, 1989;
Jarry, et al, 1990, Sanchez-Garcia, et al., 1997), rela-
tively few studies of IEL development in pigs have
been undertaken (Wilson et al. 1986a; 1986b, Whary,
et al., 1995; Pabst and Rothkotter, 1999). Therefore,
in this paper we determined the number, phenotype,
localization and development of IEL in the pig gut.
RESULTS
Developmental Changes In Porcine Intestinal
Intraepithelial Cells
The number ofCD2+ IEL in unweaned animals (birth
up to 7 weeks of age) is shown in Figure 1. The
number of CD2+ cells was initially low in epithelium
and lamina propria (LP), but increased rapidly there-
after in both compartments (Figure 1). The increase
was more evident in Du compared with I1 at birth and
weeks 3 and 5 (P<0.05) (Figure 2). At birth the epi-
thelium contained 38% of the total CD2+ cells in Du
and 35% in I1 villi, and that percentage increased
steadily thereafter up to 52% and 64% respectively, at
7 weeks of age (data not shown). CD2, CD4 and CD8
staining by immunohistochemistry (IHC) in serialIEL DEVELOPMENT IN THE PORCINE GUT 149
0
500
400
300
200
100
500
iEL
LPL
l"
3 5
Age (weeks)
A
B
0 1 7 24
FIGURE Determination ofCD2+ cells in duodenum (A) and ileum (B) villi of unweaned (0-7 weeks, n=4 per age group) and convention-
ally reared adult (24 weeks, n=5) pigs. Each column represents the mean number of intraepithelial (IEL empty bars) and lamina propria
(LPL slashed bars) CD2+ cells, counted in the villi’s epithelium of five randomly chosen microscopic fields (400 X) per animal
frozen sections from 4 animals per age group (birth,
1, 3, 5, and 7 weeks) showed that most intestinal cells
in young animals were CD2+ double negative (DN)
(figure 3). CD4+ cells appeared early in the intestinal
LP (figure 3), but not in the epithelium and CD8+
cells appeared late in life and remained low in number
(figure 3).150 M.A. VEGA-L(3PEZ et al.
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FIGURE 2 Development of intraepithelial CD2+ cells in the small intestine of unweaned (0-7 weeks old, n 4 animals per age group) and
conventionally reared adult animals (24 weeks old, n=5). Each column represents the mean number of IEL of duodenum (empty bars) and
ileum (slashed bars), counted in the villi’s epithelium of five randomly chosen microscopic fields (400 X) per animal. The asterisks above the
bars represent statistical difference (P<0.05) between duodenum and ileum at that time point by paired t-Student test
Determination of the Number, Phenotype
and Topological Distribution of Intraepithelial
Cells in the Small Intestinal Villi of Adult Pigs
The average number of total lymphocytes per villus
(IEL+LPL) in five adult animals is shown in Table I.
Up to half of these cells were located at the epithe-
lium compartment in duodenum (Du) (49%) and
ileum (I1) (52%) (Table I). The proportion of intraepi-
thelial cells was homogeneously distributed from the
tip (32% Du, 34% I1), through the middle (37% Du,
39% I1), and the bottom (31% Du, 27% I1) of the
villi’s epithelium (Figure 4A and Table I). The topo-
logical distribution of IEL within the epithelium
(Figure 4B) showed that half of them located prefer-
entially at the basement membrane (BM) (52% Du,
53% I1) of the tip, middle and bottom of the villi.
Another important proportion of cells (43% Du, 42%
I1) was found around the enterocyte nucleus and only
a small proportion (5% Du, 5% I1) of cells was
located at the epithelium’s apical zone (Table I).
Immunohistochemical staining of serial frozen sec-
tions from 6 months old animals (n 5), showed that
most IEL at the BM were CD2+CD4-CD8+ cells
(Figure 3). Whereas IEL localized at the enterocyte’s
apical and nuclear level were mostly DN cells
(Figure 3). It was clear that most of the CD4+ cells
were confined to the villus LP (Figure 3).
Ultrastructural Study of Small Intestinal
Intraepithelial Cells in Adult Pigs
Cells morphologically similar to lymphocytes and
with intraepithelial distribution were detected by
transmission electron microscopy (TEM) in duodenal
and ileal samples from five six months old pigs.
These cells ranged in size from 2.5-to 7 tm of diame-
ter. At the epithelium’s apical level (Figure 5A), the
IEL were mainly round cells of approximately 5 gm
in diameter and with numerous long cytoplasmic pro-
longations interlaced with the enterocyte’s plasma152 M.A. VEGA-L(3PEZ et al.
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FIGURE 4 Diagram of a small intestinal villus (A) and the epithe-
lium (B) which shows the areas into they were divided to determine
the number and localization of intraepithelial cells in six months
old pigs
membrane (Figure 5B). Dense granules of 0.6 tm in
diameter and many ribosomes were detected in the
cytoplasm. Besides, adjacent epithelial cells had a
high number of small vesicles of 0.2 tm in diameter
(Figure 6A). Many IEL were located at the epithelial
nuclear zone, some of them were elongated, reaching
up to 7 ktm of length (Figure 5C). The cytoplasm was
twice as large as the nucleus and several mitochon-
dria, ribosomes and endoplasmic reticulum were
detected there (Figure 5C). Two or more cells in the
same intravacuolar space were frequently seen in this
area of the tissue (Figure 3G, Figure 6A). The small-
est IEL (2.5 tm in diameter), were detected near the
BM (figure 5A). These cells were nearly spherical in
shape and located into a vacuole in the intraepithelial
space (figure 5D). Their nuclei were prominent with
few cytoplasm volume and organelles. Moreover,
cells leaving the epithelium were occasionally
detected although in low number. These cells did not
show morphological features of apoptosis
(figure 6B), showing nuclei and cytoplasm integrity.
DISCUSSION
At the intraepithelial compartment, a large, heteroge-
neous group of cells has the potential for early contact
with antigenic material derived from the gut
(Cerf-Bensussan and Guy-Grand, 1991). The ability
of normal individuals to discriminate between harm-
less dietary components and potentially hazardous
material and to mount appropriate immune responses
implies the presence of reliable but yet not well iden-
tified regulatory mechanisms. Previous studies have
quantified (Ferguson, 1978, Parrot, 1987) and charac-
terized human and rodent IEL in terms of morphology
(Marsh, 1980), phenotype (Brandtzaeg, et al., 1989;
Jarry, et al., 1990; Lefrancois, 1991; van Kerckhove,
et al., 1992; McGhee and Kiyono, 1993) and effector
functions (Ebert, 1989; Fujihashi, et al., 1990;
Guy-Grand, et al, 1991; McGhee, et al., 1992; Mega,
et al, 1992; Beate, et al., 1996; Fujihashi, et al.,
1997). It has also been reported that cells with hetero-
geneous characteristics are found at the epithelial
compartment (Tagliabue et al., 1981; Flexman, 1983;
Lefrancois, 1991; Christ and Blumberg, 1997).
Besides, some authors have suggested that the granu-
lar cells in the epithelium may be a population of mast
cell precursors (Flexman, 1983). However, little
information is available for other species including
the pig (Chu et al., 1979; Wilson, et al., 1986a,
1986b; Olivier, et al., 1994; Whary, et al., 1995), a
species whose similarities with human anatomy and
physiology makes it a good experimental model
(Tumbleson, 1986). Moreover, little information is
available in any of these models about the IEL distri-
bution along the villi and within the epithelium and
therefore, quantitative studies on these compartments
are needed. In this paper the number, phenotype,
localization and development of lymphocytes lodged
in these different epithelial compartments of the small
intestine are described.IEL DEVELOPMENT IN THE PORCINE GUT 153
TABLE The number and localisation of intraepithelial cells in the porcine small intestine. Numbers represent the mean and standard
deviation (SD) of cells counted from 10 villi in duodenum and 7 villi in ileum in each of five six-months old healthy pigs. The data was
analysed by paired t-Student test. IEL intraepithelial lymphocytes, LPL lamina propria lymphocytes
Duodenum Ileum
Mean (SD) % Mean (SD) %
Lymphocytes in a villus
IEL’s 112 (6) 49 99 (16) 52
LPL 116 (17) 51 89 (13) 48
IEL localization along the villus
Tip 35 (12) 32 33 (11) 34
Middle 42 (13) 37 39 (11) 39
Bottom 35 (15) 31 27 (9) 27
IEL localization within the epithelium
Apical 5 (2) 5 5 (2) 5
Nuclear 48 (13) 43 42 (11) 42
Basement membrane 59 (17) 52 52 (15) 53
a. P 0.033 with duodenum
It is well established that young animals are quite
susceptible to infection. This may correlate with the
very low numbers ofLPL and IEL present at birth and
with their relatively subsequent slow accumulation
(Vega-Lopez et al., 1993; Pabst and Rothkotter,
1999). In this paper it was shown that over 50% of the
total T cells in the small intestine were located at the
epithelium in 6 months old animals, pointing out the
importance of these cells located at the very entrance
of foreign material. Therefore it was of interest to
study the way those cells reach that proportion in the
young pig. Although the total number of intestinal
cells was low at birth, a significant proportion (38 and
35% in Du and I1) was in the epithelial compartment.
Most of these cells were DN since CD4+ and CD8+
cells are only detectable later in life (Figure 3,
Vega-L6pez et al., 1993; Pabst and Rothkotter, 1999).
This is an interesting finding considering that the ani-
mal comes from a virtually sterile environment,
where’antigenic stimuli are rather limited, suggesting
that this IEL population may have a role distinct to
protection. Soon after birth there was a dramatic
increase of CD2+ IEL, especially in weeks 3 and 5 in
Du where these increases were higher than those
found in I1 (P<0.05) (Figures 2 and 3). These changes
may suggest that the stimuli for IEL, to reach their
final localization, might come from the mouth (food
antigens), although the normal microflora might also
contribute to these antigenic stimuli in driving lym-
phocytes to the epithelial compartment, rather to the
LP, even in the absence of contact with solid food, as
it has been demonstrated at weaning (Vega-Lopez, et
al., 1995). The absolute number of cells in young ani-
mals was still far less than that of adults, a feature that
may account for the high susceptibility of the young
pig to enteric infections.
At birth, most of the intestinal lymphoid cells were
DN (NK?) and CD4+ cells were soon evident,
although mainly located at the LP (Figure 3A, B, E).
In contrast, CD8+ cells appeared relatively late in life
(Figure 3C, F, Vega-Lopez et al, 1995). This sequen-
tial development and cell localization in the gut might
be related to function, and studies in this respect are
required to clarify their role in the intestinal immune
regulation.
The origin of the IEL is still obscure, but since
these cells were uniformly distributed along the tip,
middle and bottom of the villi in adult animals
(Table I), they may migrate from the LP to the epithe-
lium, where they are selectively retained in the vicin-154 M.A. VEGA-L(3PEZ et al.
FIGURE 5 Representative transmission electron micrograph of porcine duodenal epithelium (A). Intraepithelial cells can be distinguished at
the apical (B), nuclear (C), and basement membrane (D) zones. Sample taken from a six-month old pig. Identical results were found in five
different animals in duodenum and ileum. Lu intestinal lumen, e enterocyte. Scale bar A 2 gm, B, C and D gm
ity of theBM (Figure 3), where the highest proportion
of IEL was located (52 and 53% in Du and I1, Table
I). Most of these cells bear the CD2+CD4-CD8+ phe-
notype, suggesting a cytotoxic and regulatory role for
them. This particular location is similar to that found
in other species and may allow these cells to interact
with adjacent LP CD4+ (Figure 31) and MHC-II+
cells (Vega-L6pez et al., 1993).
However, another important proportion of IEL was
located at the enterocyte nuclear level (43 and 42% inIEL DEVELOPMENT IN THE PORCINE GUT 155
FIGURE 6 Representative transmission electron micrography of
porcine duodenal epithelium from a 6-month old animal. Three
IELs occupy one intraepithelial space (A, arrowheads). The adja-
cent enterocyte shows a highly vacuolised cytoplasm (A, arrow).
An apparently intact IEL is extruded from the epithelium (B), leav-
ing a disrupted enterocyte behind (B, arrow). Similar results were
found in five different animals in duodenum and ileum. Scale
bar 2 ktm
Du and I1, Table I) and other less numerous (5% in
both Du and I1, Table I) apically near the gut lumen.
These cells were mainly DN in phenotype
(Figure 3G), as previously described (Vega-Lopez, et
al., 1993). The role of these cells is still unknown but
they may be composed by an heterogeneous group of
cells, including TCR1 (3’) T cells and NK cells,
related to the innate immune response to foreign
material as described in humans (Lefrancois et al.,
1997) and rodents (Beagley & Husband, 1998).
Apical IELs were mostly granular with prominent
cytoplasmic prolongations interlaced with the entero-
cyte’s plasma membrane that showed loss of micro-
villi and a highly vacuolated cytoplasm (Figures 5A,
B and 6A). Some authors have suggested that the api-
cally located IEL is an apoptotic population of cells in
the process of extrusion towards the intestinal lumen
(Viney & McDonald, 1990). However, TEM
ultrastructural analysis of such cells showed no evi-
dence of cell shrinkage or nuclear chromatin conden-
sation and fragmentation (figure 5B), characteristic
features of apoptotic cells. These features were also
absent in lymphocytes shed into the intestinal lumen
(figure 6B), suggesting possible differences between
pigs and mice, and stressing.the possibility of these
cells being extruded by other causes such enterocyte
destruction. Considering the low proportion of cells
found at the apical zone, the shedding of cells may not
be a frequent event in normal (uninfected) animals,
but may be related to the elimination of damaged or
infected enterocytes. This situation may be different
in infected animals. Immune localisation of apoptotic
molecules may further clarity this point.
At the enterocyte’s nuclear level, there were also
IEL with long cytoplasmic processes suggesting
active motion. In many cases they were found
grouped, suggesting a pattern of traveling through the
epithelium following each other (Figures 3G, 5A and
6A). If this was the case, these cells never accumu-
lated at the apical zone of the enterocyte, perhaps
because the antigenic stimuli are given at the basola-
teral part of the enterocyte (Christ and Blumberg,
1997). The heterogeneous morphology and phenotype
of the IEL showed that they may be in different stages
of differentiation/activation or that they may have dif-156 M.A. VEGA-L(3PEZ et al.
ferent origins (mast cell precursors?), further pheno-
type identification is needed to clarify their nature.
Finally, it is clear that the epithelial compartment of
the gut contains a numerous and rather heterogeneous
population of immune cells. This heterogeneity may
explain some of the different responses the intestinal
immune system is able to produce either inducing tol-
erance/anergy to harmless diet components or elicit-
ing strong immune responses to hazardous material.
This heterogeneity must be taken in consideration
when isolation protocols and in vitro functional stud-
ies are performed. These quantitative studies estab-
lished an experimental model to evaluate, in a more
precise manner, the effects of antigen stimuli (diet,
normal flora, infection, oral immunization, etc.) on
the cells populating the epithelial compartment and
may allow the study of the relationships among cell
localisation, phenotype and function of IELs.
MATERIAL AND METHODS
Pigs
To determine the number, distribution and ultrastruc-
tural studies of cells within the small intestine, five 6
months old healthy pigs, from a minimal disease and
enzootic pneumonia-free herd were used. To study the
changes in IEL populations with age, at least four
unweaned littermates per age group (birth, 1, 3, 5 and
7 weeks old) were used. The animals were maintained
on the sow without access to solid food until slaugh-
tered. The animals were housed in the animal facility
of the Department of Clinical Veterinary Sciences,
University of Bristol, UK.
Processing of Samples for Optical (OM) and
Transmission Electron Microscopy (TEM) Studies
Samples of Du and I1 from each animal were taken
immediately after the animals were sacrificed with an
intravenous overdose of sodium pentobarbitone (Eut-
hatal, RMB Animal Health, Ltd., Dagenham, UK).
The samples from the young pigs, were washed in
cold PBS and fixed in paraformaldehyde-lysine-peri-
odate (PLP) as previously described (Vega-Lopez et
al., 1993). For ultrastructural studies, intestinal sam-
ples from adult animals, previously immersed in cold
PBS, were fixed in 2.5% glutaraldehyde (Electron
Microscopy Sciences, Forth Washington, PA) in PBS
for 60 minutes at room temperature. After washing in
PBS, the tissues were post-fixed with 1% osmium
tetroxide in PBS for 60 minutes at 4 C. Following
rinsing and dehydration with increasing concentra-
tions of ethanol, the specimens were embedded in
Spurr’s resin (Embedding kit, Polysciences, Inc.) fol-
lowing the manufacturer’s instructions. Sections of
0.5 gm forOM and 100 nm forTEM were then cut on
an ultramicrotome (Ultracute, Reichter-Jung) and
finally stained with 2% uranile acetate and 0.4% of
lead citrate for observation and micrography with a
JEM-2000EX electron microscope (JEOL Ltd,
Tokyo, Japan) on Kodak Electron Image Film (East-
man Kodak, Co., Rochester, NY).
Analysis of Intestinal Tissue Samples
IHC stained cells were counted in LP and epithelium
of at least five randomly chosen microscopic fields
(400 X) from each intestinal pig sample. The area of
the tissue was measured using a semiautomatic, com-
puter assisted image analyser (VIDS V, Synoptics,
Ltd., UK) and positive cells within that area were
counted and recorded. The number and localisation of
intraepithelial cells were analysed in intestinal sam-
ples of adult pigs stained with Harris haematoxylin
and the cells with lymphocyte morphology were
counted in at least 10 villi from Du and 7 villi from I1
from each one of five animals, avoiding the Peyer’s
patches villi. The villi were randomly selected on the
basis of similar length and angle of cut. Each villus
was divided in three proportionally equal parts: tip,
middle and bottom (Figure 5A), from the villus tip to
the deepest part of the crypts. Intraepithelial cells
from each of these parts were counted and recorded.
In the cell localization within the epithelium study,
the epithelium was divided in three zones: apical,
nuclear and basement membrane (Figure 5B). The
cells located in these compartments in the villi of eachIEL DEVELOPMENT IN THE PORCINE GUT 157
sample were counted and recorded using the image
analyser. For ultrastructural cell characteristics and
detailed localisation of IEL, Du and I1 TEM photo-
graphs were taken from five adult animals and char-
acteristic morphological and topological features
were analysed and recorded.
Immunohistochemistry
Anti-CD2 (MSA-4, Hammerberg and Schurig, 1986),
anti-CD4 (74-12-4, Pescovitz et al., 1984) and
anti-CD8 (76-2-11, Pescovitz et al., 1984) mono-
clonal antibodies (MAb) were used in IHC. For the
developmental study, MSA-4 positive cells in the epi-
thelium and LP of the Du and I1 villi, from at least
five randomly chosen fields (400 x magnification)
were counted and recorded from paraffin embedded
samples from at least four young unweaned pigs (0, 1,
3, 5 and 7 weeks old) in each age group. Du and I1
frozen samples from five 6 months old animals were
stained with MSA-4, 74-12-4 and 76-2-11 MAb by
IHC, to determine the phenotype and localization of
IEL within the epithelium by OM. The cells were
counted and recorded using the image analyser.
Paired t-Student test was used to compare data
between age groups and between intestinal sites (Du
vs I1).
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